We derive the universal relations for an ultracold two-component Fermi gas with an spin-orbit coupling (SOC) α,β=x,y,z λ αβ σαp β , where px,y,z and σx,y,z are the single-atom momentum and Pauli operators for pseudo spin, respectively, and the SOC intensity λ αβ could take arbitrary value. We consider the system with an s-wave short-range interspecies interaction, and ignore the SOCinduced modification for the value of the scattering length. Using the first-quantized approach developed by S. Tan (Phys. Rev. Lett. 107, 145302 (2011)), we obtain the short-range and highmomentum expansions for the one-body real-space correlation function and momentum distribution function, respectively. For our system these functions are 2 × 2 matrix in the pseudo-spin basis. We find that the leading-order (1/k 4 ) behavior of the diagonal elements of the momentum distribution function (i.e., n ↑↑ (k) and n ↓↓ (k)) are not modified by the SOC. However, the SOC can significantly modify the large-k behaviors of the distribution difference δn(k) ≡ n ↑↑ (k) − n ↓↓ (k) as well as the non-diagonal elements of the momentum distribution function, i.e., n ↑↓ (k) and n ↓↑ (k). In the absence of the SOC, the leading order of δn(k), n ↑↓ (k) and n ↓↑ (k) are O(1/k 6 ). When SOC appears, it can induce a term on the order of 1/k 5 for these elements. We further derive the adiabatic relation and the energy functional. Our results show the SOC can induce a new term in the energy functional, which describe the contribution from the SOC to the total energy. In addition, the form of the adiabatic relation for our system is not modified by the SOC. Our results are applicable for the systems with any type of single-atom trapping potential, which could be either diagonal or non-diagonal in the pseudo-spin basis.
I. INTRODUCTION
In the recent decade a number of new kinds of experimental methods, such as magnetic and optical Feshbach resonances, were invented to tune the inter-atomic interactions for alkali and alkaline-earth atoms [1, 2] . A vast number of efforts were devoted to investigate the strongly interacting state of matter in such systems [3, 4] . The existence of strong correlation effects and the lack of small parameters for perturbative calculations make it very difficult to obtain any rigorous results for such strongly interacting systems. In recent years, a series of exact universal relations were established which for the first time set up a bridge between the microscopic short distance correlations and the macroscopic thermodynamic characters of the system . These relations show that many important properties of the system (e.g., the onebody momentum distribution, one-body spatial correlation function and many-body total energy) are related together via a parameter which contains the information of the interaction effect in the high-momentum limit, and is usually called as contact. These relations has already been confirmed in several different experiments [27] [28] [29] [30] .
Another recent important progress in the research of ultracold gases is the successful experimental realization of synthetic coupling between atomic (pseudo) spin and * Electronic address: qiran@ruc.edu.cn † Electronic address: pengzhang@ruc.edu.cn momentum [31] [32] [33] [34] [35] [36] . Here we call this coupling as spinorbit coupling (SOC). In these systems the SOC can strongly affect the one-body dispersion and thus seriously change the many-body properties. Therefore, the SOcoupled ultracold gases have attracted many attentions from both theorists and experimentalists [37] [38] [39] [40] [41] [42] .
Thus, it is very natural to consider the universal relations in the SO-coupled ultracold gases. Recently S. Peng et. al. studied this problem for a system with a three-dimensional isotropic SOC (σ · p-type) [43] . Here we derive the universal relations for the ultracold gases with arbitrary type of SOC. Explicitly, we consider an ultracold gas of identical Fermi atoms with pseudo spin ↑ and ↓, with a general type SOC which can be expressed as α,β=x,y,z λ αβ σ α p β , where p x,y,z are the components of single-atom momentum and the SOC intensity λ αβ could be arbitrary real numbers. In our system there could also be a general single-atom trapping potential, which can be expressed as an arbitrary atomic-positiondependent 2 × 2 matrix in the pseudo-spin basis.
We further assume that there is an s-wave shortrange interaction between two atoms in different pseudospin states, which is described by the scattering length a. In principle, the SOC may modify the value of a [39, 43] . Nevertheless, previous analytical [39] and numerical studies [37] have shown that in many ultracold gases, including the current experimental systems with Raman-beam-induced one-dimensional SOC, the SOCinduced modification of scattering length is negligible when the characteristic length of the SOC (defined as the inverse of the SOC intensity) is much larger than the range of the two-body interaction (i.e., the van der Waals length). This is normal situation in cold atom system. Thus, the starting point of our paper is that the scattering length is not changed by the SOC. This starting point is very different from the assumption in the recent work by S. Peng et. al. [43] .
A. Our main results
For the convenience of the readers, here we briefly summarize the results we obtained.
(A) We derive the short-range expansion of the singleatom spatial correlation function ρ σσ ′ (r, r + b) (σ, σ ′ =↑ , ↓) of a many-body state |Ψ , which is defined as
in the second quantized language and can form a 2 × 2 matrix in the pseudo-spin basis. Hered † σ (r) andd σ (r) are the creation and annihilation operators of an atom with pseudo spin σ at position r. For the case where b ≡ |b| is small, we expand ρ σσ ′ (r, r + b) up to the 2nd order of b (see Eq. (11)). We find that the behavior of ρ σσ ′ (r, r + b) is not changed by the SOC in the 0th and 1st order of b. Nevertheless, in the 2nd order of b a new non-analytical term can be induced by the SOC. This term is the leading non-analytical term of the nondiagonal elements ρ ↓↑ (r, r + b) and ρ ↑↓ (r, r + b).
(B) We derive the high-momentum expansion of the single-atom momentum distribution function n σσ ′ (k) (σ, σ ′ =↑, ↓) of a many-body state |Ψ , which is defined as
withd † σ (k) andd σ (k) being the creation and annihilation operators of an atom with pseudo spin σ and in the planewave state |k defined by r|k = e ik·r /(2π) 3 2 [44] . It is clear that n σσ ′ (k) can also form a 2 × 2 matrix in the pseudo-spin basis. In previous researches people mainly study the behavior of the diagonal elements n ↑↑ (k) and n ↓↓ (k). For our system the non-diagonal terms n ↑↓ (k) and n ↓↑ (k) are also non-zero and should be studied. In the large-k limit we expand all the four elements n σσ ′ (k) to the order of 1/k 5 (see Eq. (19) and (26)), and find that:
• The leading-order (1/k 4 ) behavior of the diagonal elements n ↑↑ (k) and n ↓↓ (k) are not modified by the SOC. No matter if there is an SOC or not, we always have lim k→∞ n ↑↑ (k) = lim k→∞ n ↓↓ (k) = C/k 4 . Here the parameter C can be defined as the contact corresponding to the state |Ψ . As in the systems without SOC, the value of C is also related to the small-b behavior of ρ σσ ′ (r, r + b).
• The SOC can modify the behavior of n ↑↑ (k) and n ↓↓ (k) in the sub-leading order (1/k 5 ) by inducing a new term which is proportional to the contact C. However, the behavior of the total momentum distribution n(k) ≡ n ↑↑ (k)+n ↓↓ (k) is still not modified by the SOC on this order.
• In the absence of the SOC, the difference δn(k) ≡ n ↑↑ (k) − n ↓↓ (k) of the diagonal elements, as well as the non-diagonal elements n ↑↓ (k) and n ↓↑ (k), are of the order of O(1/k 6 ) in the large-k limit. However, in the presence of SOC, a new term can be induced in the order 1/k 5 for these elements. This term is proportional to C. Therefore, the SOC can significantly modify the leading-order behavior of δn(k), n ↑↓ (k) and n ↓↑ (k).
(C) We find that the adiabatic relation is not modified by the SOC. Explicitly, when |Ψ is an eigen-state of the many-body Hamiltonian H, i.e., H|Ψ = E|Ψ , then we still have
4πm C, with m being the single-atom mass.
(D) We derive the energy functional for our system (see Eq. (37)), in which the average energy E = Ψ|H|Ψ of an arbitrary many-body state |Ψ is expressed in terms of the single-atom momentum and position distribution functions (i.e., ρ σσ ′ (r, r) and n σσ ′ (k)), as well as the contact C. We find that the SOC induce a new term for the energy functional, which is the average value of the SOC term in the Hamiltonian of all the atoms.
Our above results show that in the large-momentum limit the leading-order behavior of the universal relations are usually not modified by the SOC. This is can be explained as follows. The SOC is a linear function of the one-atom momentum p, while the kinetic energy p 2 /(2m) is a quadric function of p. Thus, in the largemomentum limit the SOC is much smaller than p 2 /(2m), and thus cannot modify the leading-order behavior of the system.
The remainder of this paper is organized as follows. In Sec. II we describe our model and notations. In Sec. III we derive the short-range expansion of the single-atom spatial correlation function. ρ σσ ′ (r, r + b). Using this result, in Sec. IV we derive the large-momentum expansion of the single-atom momentum distribution function n σσ ′ (k). The adiabatic relation and energy functional are derived in In Sec. V, and a summary and discussion are given in Sec. VI. In the appendix we present some details of our calculation.
II. SYSTEM AND WAVE FUNCTION
As shown above, we consider the system with N identical ultracold SO-coupled pseudo-spin-1/2 Fermi atoms. The single-atom Hamiltonian is given by
with p and r being the atomic momentum and position, respectively, and σ α (α = x, y, z) being the Pauli operators of the atomic spin. Here U (r) is the single-atom trapping potential, which could be either diagonal or nondiagonal in the pseudo-spin basis. The Hilbert space H of our system is given by H = H r ⊗ H s , where H r and H s are the Hilbert spaces for the N -atom spatial motion and N -atom spin, respectively. Here we use | to denote the total quantum state in H, and use | r and | s to denote the states in H r and H s , respectively. In this paper we work in the "coordinate representation" where the N -body state |Ψ is described by a spinor wave function |Ψ(r 1 , ..., r N ) s which is defined as
with |r 1 , ..., r N r being the eigen-state of the position of the atoms. Notice that |Ψ(r 1 , ..., r N ) s is a (r 1 , ..., r N )-dependent vector in the space H s . We further assume that there is an s-wave short-range two-body interaction between atoms in different pseudospin state. In the presence of SOC this interaction can be described by various zero-range models, e.g., the renormalized delta interaction [38] and the modified BethePeierls boundary condition (MPBC) [39] . In this work we use the MPBC approach. In this approach, the wave function |Ψ(r 1 , ..., r N ) s are defined in the region with r i = r j for ∀i, j ∈ (1, ..., N ), and the total Hamiltonian H of the N atoms is just the summation of the freeHamiltonians of each atom, i.e.,
with
1b being the one-body Hamiltonian of the i-th atom. In addition, when two atoms (for instance, atoms 1 and 2) are close, in our notation the N -body wave function should satisfy
Here r 12 = r 1 − r 2 , a is the scattering length,
is the singlet spin state of the atoms 1 and 2, and G = (G x , G y , G z ) is a vector-type spin operator with the component
is the Pauli operator of the i-th atom. The term with operator G describes the SOC-induced modification for the short-range behavior of the wave function. In Eq. (6) |A( r1+r2 2 ; r 3 , · · · , r N ) 3,··· ,N is a spin state of the atoms 3, ..., N , which depends on the positions of these atoms as well as the center-of-mass position of the atoms 1 and 2. As shown below, the important parameters in the universal relations, e.g., the contact C, can be expressed in terms of |A 3,...,N .
III. SINGLE-ATOM SPATIAL CORRELATION FUNCTION
In this section we derive the expansion of the singleatom spatial correlation function ρ σ,σ ′ (r, r + b) (σ, σ ′ =↑ , ↓) in the short-range limit b ≡ |b| → 0. Our calculation is done via the approach in Ref. [16] .
In the coordinate representation, ρ σ,σ ′ (r, r + b) (σ, σ ′ =↑, ↓) corresponding to a state |Ψ , which is defined in Eq. (1), can be expressed as
where
is the pesudo-spin states of atom 1, and Tr 2,...,N is the trace for the spin states of atoms 2, ..., N .
To derive the small-b behavior of ρ σ,σ ′ (r, r+b), we divide the integration´D 2 in Eq. (7) aŝ
Here ε is a small positive distance which satisfies ε > b, R ε is the region with |r−r i | > ε for ∀i = 2, ..., N , i.e., the region where the distances between atom 1 and all the other atoms are larger than ε, andR ε is the complementary of R ε . Since ε > b, in R ε we also have |r+b−r i | > 0 for ∀i = 2, ..., N . According to (6) , this fact implies that in the region R ε the wave function |Ψ r+f s , as a function of f , is analytical when |f | |b|. Thus, in R ε we can expand |Ψ r+b s as a Taylor series of b:
where b x,y,z and r x,y,z are the components of b and r, respectively. On the other hand, inR ε the wave function |Ψ r+f s may diverges at some point f 0 which satisfies |f 0 | < |b|. Namely, |b| may larger than the divergence radius of the function |Ψ r+f s . Thus, inR ε we cannot do the expansion (10) for |Ψ r+b s . Therefore, in Eq. (7) we can use the expression (10) to calculate the integratioń
where δ σσ ′ is the Kronecker symbol.
The quantities in each order of the r.h.s of Eq. (11) are defined and explained as follows.
0th-order term: ρ σσ ′ (r, r) is (up to a global factor) the density matrix element of the atom at position r. If the SOC were absent and the trapping potential U (r) is diagonal in the pseudo-spin basis, we have ρ ↑↓ (r, r) = ρ ↓↑ (r, r) = 0.
1st-order terms: The factors u σσ ′ (r) and C(r) are defined as
and
respectively, with
Below we will show that the contact C for our systems can be defined as the integration of the factor C(r) with r. Thus, C(r) can be considered the "contract density" of our system. 2nd order terms: The factors ν (αβ) σσ ′ (r), w(r) and s σ,σ ′ (r, b) are given by
respectively, with r x,y,z being the components of r and
In the absence of the SOC, the term s σ,σ ′ (r, (11), which is an non-analytical term and proportional to the contact density C(r) and the SOC intensity λ αβ . Especially, for the non-diagonal elements ρ ↑↓ (r, r + b) and ρ ↓↑ (r, r + b) this SOC-induced term is the lowest-order non-analytical term.
Furthermore, the appearance of the term s σ,σ ′ (r, b) in Eq. (11) can be mathematically interpreted as follows. As shown above, to calculate ρ σσ ′ (r, r + b) via Eq. (7) we require to do the integration´R ε D 2 in the regionR ε . Furthermore, in that region the states |Ψ r s and |Ψ r+b s in the to-be-integrated function 1 σ ′ |Ψ r+b s Ψ r |σ 1 should be expanded via the MPBC shown in Eq. (6) . The direct calculation shows that s σ,σ ′ (r, b) is lead by the contribution from the SOCinduced term of the MPBC (i.e., the term proportional to G in Eq. (6)) to the integration´R ε D 2 .
IV. MOMENTUM DISTRIBUTION FUNCTION
Using our above results on the short-range expansion of ρ σ,σ ′ (r, r + b), we can now study the high-momentum behavior of the single-atom momentum distribution function n σσ ′ (k) defined in (2). This factor is related to ρ σσ ′ (r, r + b) via
Substituting Eq. (11) into Eq. (18), we can obtain the expression of n σσ ′ (k) in the large-k limit (Appendix A.2).
In the following we investigate the SOC-induced effect for the diagonal and non-diagonal elements of the momentum distribution function.
A. Diagonal elements
In the large-k limit the diagonal elements n ↑↑ (k) and n ↓↓ (k) are given by
for σ =↑, ↓, with η ↑ = +1, η ↓ = −1. Here k x,y,z are the components of k andw =´w(r)dr. In Eq. (19) the factor C is defined as
It is the contact of our system. Eq. (19) shows that the leading-order behaviors of n ↑↑ (k) and n ↓↓ (k) are not changed by the SOC. Explicitly, no matter if there is an SOC we always have
Nevertheless, in the sub-leading order (1/k 5 ) the SOC modify the behaviors of n ↑↑ (k) and n ↓↓ (k) by introducing a new term ∓ 4C k 6 β=x,y,z λ zβ k β , which is proportional to the SOC intensity λ αβ and the contact C.
Furthermore, when we calculate n σσ (k) by substituting Eq. (11) into Eq. (18), we can find that the term −η σ 4C k 6 β=x,y,z λ zβ k β of Eq. (19) is actually induced by the term s σ,σ ′ (r, b) of Eq. (11) (Appendix A). In addition, as shown in the end of Sec. III, s σ,σ ′ (r, b) is lead by the SOC-induced term (i.e., the term proportional to G) of the MBPC Eq. (6), which describes the behavior of the wave function in the short-range limit. Therefore, the SOC-induced term −η σ 4C k 6 β=x,y,z λ zβ k β in Eq. (19) can be interpreted as a result of the SOC-induced modification of the short-range behavior of the wave function.
With the above results we can further get the behavior of the total momentum distribution n(k), which is given by
Substituting Eq. (19) into Eq. (22) we obtain that in the large-k limit
In the absence of the the SOC, both of the two terms in the r.h.s. of Eq. (23) still exists. Thus, the behavior of n(k) is not modified by the SOC up to the order of 1/k 5 . We can further define the momentum-distribution difference of atoms with spin ↑ and ↓ as
Thus, Eq. (19) yields that
This result shows that, if there were no SOC (i.e., λ αβ = 0), then δn(k) is at most on the order of O(1/k 6 ), no matter if the trapping potential U (r) is diagonal or nondiagonal in the pseudo-spin basis. However, in the presence of the SOC, a term − 8C k 6 β=x,y,z λ zβ k β can be induced in the order of 1/k 5 . Namely, the SOC can significantly modify the behavior of δn(k) by changing the leading order from at most 1/k 6 to 1/k 5 . This result also implies that the SOC-induced modification of the singleatom momentum distribution may be experimentally detected via the measurement of the large-k behavior of δn(k).
B. Non-diagonal elements
The situation is quite different for the non-diagonal elements n ↑↓ (k) and n ↓↑ (k). Substituting Eq. (11) into Eq. (18), we find that in the large-k limit we have
and n ↓↑ (k) = n ↑↓ (k) * . Therefore, similar as δn(k), the large-k behaviors of n ↑↓ (k) and n ↓↑ (k) are also significantly modified by the SOC and the leading order of these terms is changed from at most 1/k 6 to 1/k 5 .
V. MANY-BODY ENERGY
In this section we use our above results to study the relations beween the many-body energy and the contact, and derive the adiabatic relation and energy functional for our SO-coupled system.
A. Adiabatic relation
We consider the case that |Ψ is an eigen-state (e.g., the ground state) of the Hamiltonian H, which satisfies the eigen-equaiton H|Ψ = E|Ψ as well as the MBPC (6) with scattering length a. Thus, the eigen-energy E depends on the value of a. Now we derive the adiabatic relation which connects ∂E/∂(−1/a) and the contact C for our SO-coupled system, with the approach shown in Ref. [17] . To this end we consider two systems α and β with scattering lengths a α and a β , respectively, and assume |Ψ (n) (n = α, β) is the normalized eigen-state of H for system n, with corresponding eigen-energy E n . We further assume these two eigen-energies have the same rank for each system. For instance, |Ψ (α) and |Ψ (β) are the ground states of the systems α and β, respectively, and E α,β are the ground-state energies. Therefore, we have [45] lim
On the other hand, with the direct generalization of the approach used in Ref. [17] , we can prove that (Appendix B)
Here |A (n r 3,...,N (n = α, β) is the state |A(r; r 3 , · · · , r N ) 3,··· ,N of system n, and thus satisfies lim aα→a β |A (α r 3,...,N = |A (β r 3,...,N . Substituting taking the limit a α → a β for Eq. (28) and using Eqs. (27, 12, 20) , we obtain the adiabatic relation
which has the same form as in the systems without SOC.
B. Energy functional
If |Ψ is an arbitrary many-body state, the average energy can be defined as E = Ψ|H|Ψ and can be expressed as a functional of the single-atom momentum and position distribution function. Now we derive the expression of this energy functional, with the help of our previous result in Eq. (11). Here we use the similar approach as Ref. [16] . We first define a function J(β) as
Substituting Eq. (18) into this definition, we find that J(β) can be re-expressed as
. Using Eq. (11), we further obtain
with N =´dr [ρ ↑↑ (r, r) + ρ ↓↓ (r, r)] being the total atom number and K = 2 2m α=x,y,z, σ=↑,↓´d
σσ (r). On the other hand, the definition E = Ψ|H|Ψ of the average energy yields
where B (x,y,z) σσ ′ are the matrix-elements of the Pauli operator, as defined in Eq.
(17), andŪ (r) = σ,σ ′ =↑,↓ U σσ ′ (r)d σσ ′ (r), with U σσ ′ (r) being the matrixelement of the trapping potential in the one-body pseudospin basis and
Substituting Eq. (33) into Eq. (32) and using Eq. (30) as well as the relation
we find that 
This result shows that the SOC modify the energy functional by introducing the last term of Eq. (37), which is just the average value of the SOC term in the total Hamiltonian H on state |Ψ . Thus, this energy functional is the direct generalization of the one for the systems without SOC.
VI. SUMMARY
In this paper we derive the universal relations for ultracold two-component Fermi gases with arbitrary type SOC. We obtain the short-range and high-momentum expansions of the single-atom spatial correlation function ρ σσ ′ (r, r + b) (σ, σ ′ =↑, ↓) and momentum distribution function n σσ ′ (k). We find that the SOC significantly modify the leading-order behaviors of n ↑↓ (k), n ↓↑ (k) and the distribution difference n ↑↑ (k) − n ↓↓ (k), and modify the sub-leading-order behaviors of each diagonal element n ↑↑ (k) and n ↓↓ (k) as well as all the four elements of ρ σσ ′ (r, r + b). All of these modifications are proportional to the contact C, and are indued by the SOC-induced term in the MBPC (6), i.e., the term proportional to the operator G. We further derive the adiabatic relation and energy functional for our system. Our calculations can be generalized to the two-dimensional systems.
Our results are helpful for the further theoretical and experimental studies of ultracold gases with SOC or the ultracold gases where the single-atom trapping potential U (r) is non-diagonal in the pseudo-spin basis. We should also be careful that, the expressions of the SOC intensity λ αβ (α, β = x, y, z) and the potential U (r) are "framedependent". For instance, for the experimental systems with one-dimensional SOC induced by the Raman laser beams, in the lab frame we have λ αβ = 0 for all α, β and U (r) = Ω 2 e ikLx | ↑ ↓ |+h.c., while in the rotated frame we have
Here Ω and k L being the effective Rabi frequency and wave vector of the Raman beams, respectively. Therefore, when working in a certain frame we should correctly use the corresponding expressions of λ αβ and the potential U (r).
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(1) To do the small-b expansion, here we only need to consider the cases where both b and ε are very small. On the other hand, in principle, in the regionR ε it is possible that more than one atoms are in the region with center r and radius ε. For instance, both atom 2 and atom 3 are in this region. Since in the wave function |Ψ r the vector r is the position of atom 1, in this example the three atoms 1, 2 and 3 are very close to each other. Due to the Pauli principle, this possibility is very small and here we ignore this possibility. Namely, we assume inR ε only one atom is in the region with center r and radius ε.
(2) In addition, since the finial result of the integratioń
is independent of the value of ε, here we calculate´R ε D 2 and´R ε D 2 to the 0th power of ε and then sum the results.
(3) Furthermore, also due to the identity of Fermonic atoms, the to-be-integrated function Tr 2,...,N [ 1 σ ′ |Ψ r+b s Ψ r |σ 1 ] is invariable under the exchange of r i and r j for ∀i, j ∈ (2, ..., N ). Thus, in our calculation we havêR
withR (2) ε being the region with |r 2 − r| < ε. For the integration´db in Eq. (18) we have the following remarks:
(1) When we do this integration we first replace´dbe −ik·b ρ σσ ′ (r, r + b) with lim ζ→0 +´dbe −ik·b e −ζb ρ σσ ′ (r, r + b), and then replace ρ σσ ′ (r, r + b) with the expansion (11).
(2) In the large-k limit, the contributions from the analytical terms of Eq. (11) to the Fourier transformatioń dbe −ik·b would exponentially decay with k. Since now we want to extract the power terms which behave as 1/k n with n an integer, we only need to consider the contributions from the non-analytical terms of Eq. (11), i.e., the terms proportional to b, b 2 , bb and bb β . For instance, the direct calculation gives 
for σ =↑, ↓, where s σ,σ (r, b) is defined in Eq. (16) and η ↑ = +1 and η ↓ = −1. This result implies that the term η σ q(k) in Eq. (19) is lead by the term s σ,σ (r, b) of Eq.
(11). The contribution from other non-analytical terms can be derived with similar calculations.
In addition, in the surphase S ǫ (r 2 ), we can express the wave functions |ψ (n) s (n = α, β) via the MBPC (6). Now we define a vector u as u ≡ (r 1 − r 2 )/r 12 . Thus, in surphace S ǫ (r 2 ) we have 
Further substituting this result into Eq. (B1), we obtain Eq. (28) in Sec. V.
